Stimulated by a recent experimental report, charge transfer and photophysical properties of donor-acceptor ambipolar polymer were studied with the quantum chemistry calculation and the developed 3D charge difference density method. e effects of electronic acceptor strength on the structure, energy levels, electron density distribution, ionization potentials, and electron affinities were also obtained to estimate the transporting ability of hole and electron. With the developed 3D charge difference density, one visualizes the charge transfer process, distinguishes the role of molecular units, and �nds the relationship between the role of DPP and excitation energy for the three polymers during photo-excitation.
Introduction
Ambipolar devices are very attractive organic semiconductors due to their high chemical stability and uncommon versatility; particularly, ambipolar copolymer �lms have been applied as active materials in the �eld of organic optoelectronic materials [1] [2] [3] [4] [5] [6] . �or example, ambipolar organic �eld-effect transistors, which are capable of both p-and n-channel operations by changing the polarity of the gate voltage, are gaining attention as an alternative approach to mimicking complementary metal-oxide semiconductor (CMOS) digital integrated circuits for achieving high-performance and costeffective circuits in organic electronics. On one hand, the semiconductors suitable as single component channel materials should facilitate the formation of an exciton through the cation and anion radicals, and they show both stable hole and electron transporting characteristics; on the other hand, the semiconductors are required to have a well match between ambipolar structures and metal electrodes to balance the charge injection barriers between the relative positions of HOMO and LUMO energy levels and the work function of electrodes. e 1, 4-diketo-3, 6-diarylpyrrolo [3, 4-c] pyrroles diketopyrrolopyrroles (DPPs) are chromophoric systems that combine in a rigid planar structural frame. Generally, the DPP unit possesses the strong electron-withdrawing capability. When combining with appropriate building blocks (such as thiophene, phenylene, and benzofuran building blocks), the certain DPP-containing polymers show ambipolar characteristic. Meanwhile, this structural adjustment should result in tunable band gap, energy levels, and molecular packing. erefore, DPP-containing polymers show wide application prospect in the �eld of organic photovoltaics [7, 8] , electroluminescence device [9, 10] , organic �eld-effect transistors [11, 12] , and logic circuits [13, 14] . Recently, electronic, physical, and transistor properties of a family of donor-acceptor polymers (which consist of DPP coupled with neutral benzene (B), the weakly accepting benzothiadiazole (BT) and the strongly accepting benzobisthiadiazole (BBT)) have been experimented [15] . e report found that the rational design can realize the conversion from unipolar to ambipolar donor-acceptor polymer. Although experimental study made tremendous progress, it is important to understand the relationship between chemical structures and the optical and electronic properties of the organic ambipolar layer from the molecular level. eoretical calculations not only provide some parameters (such as electron transition, ionization potential (IP), and electron affinity (EA)) affecting the optical response and charge transport ability, but also reveal the microscopic mechanism behind the experiment and give theoretical basis to rational design of new functional materials. In this paper, we attempt to study the electronic structure and photo-physical nature from the viewpoint of theory, to deeply insight into photo-induced charge transfer process with the developed 3D cube representations [16] [17] [18] [19] . is method can visually distinguish the role of molecular units during the photo-excitation. e article is organized as follows: �rstly, the ground and excited state geometries are optimized with density functional theory. Secondly, molecular orbital shape and energy, IP and EA are estimated. Lastly, charge transfer and excited states properties are studied, and role of molecular units upon excitation is distinguished by the visualized analysis.
Methods
e ground state geometries of PBDPP, PBTDPP, and PBBT-DPP (see Figure 1) were optimized with density functional theory (DFT) [20] , B3LYP functional [21] [22] [23] , and 6-31G (d) basis set. e alkyl groups on �ve members were replaced with methoxyl groups due to the fact that the alkyl groups do not signi�cantly affect the equilibrium and optical property of �uorene-based polymer [24] . e excited-state geometries were optimized by time-dependent DFT (TD-DFT) [25] , by using the 6-31G (d) basis set. e electronic transition of them for absorption and �uorescence was calculated at both ground-state and excited-state optimized geometries by means of TD-DFT, Cam-B3LYP functional [26] with the same basis set. e photoinduced intramolecular charge transfer process was visualized with the 3D cube representations. 3D charge difference density indicates that the electronic redistribution involving the whole structure takes place upon excitation [16, 17, 27, 28] . e charge difference density is de�ned as
where is the uth eigenvector of the single con�guration interaction (CI) Hamiltonian in the basis of the occupied Hartree-Fock molecular orbital and the unoccupied orbital [16, 27] , and in this equation the �rst and the second terms stand for hole and electron, respectively. All the quantum chemical calculations were done with Gaussian 09 soware [29] . e optical absorption spectra of them were done with GaussSum 2.1 [30] . 
Results and Discussion
3.1. Ground Optimization. e ground state structures of three molecular structures (PBDPP, PBTDPP, and PBBTDPP) have been optimized, and selected optimized bond length and dihedral angles of them were listed in Table 1 . Comparing the dihedral angles of three polymers, it found that PBDPP, PBTDPP, and PBBTDPP displayed an obvious twisted con�guration along the main molecular skeleton. For example, thiophene-diketopyrrolopyrrole (T-DPP) of PBDPP, PBTDPP, and PBBTDPP are 13.76026, 11.78848, and 10.44882 degree, respectively. e dihedral angles of thiophene-benzene (T-B) in PBDPP, thiophenebenzothiadiazole (T-BT) in PBTDPP, and thiophenebenzobisthiadiazole (T-BBT) are 21.51214, −1.82834, and −0.27066 degree, respectively. Although the PBBTDPP also has a certain twisted structure, it exhibits the well conplanar structure than the other two. e order of coplanarity is increased from PBDPP, PBTDPP to PBBTDPP. e date of intermolecular bond length demonstrated the conjugated degree of PBDPP is lower than that of PBTDPP and PBBTDPP. erefore, introduction of BT and BBT improves the molecular coplanarity, which will lead to enhancement of electronic delocalization and improvement of their optical response.
It will be important to analyse the energy levels and the electron density distribution of molecular orbitals (MOs), since the change of electron density of MOs upon photoexcitation provides a reasonable qualitative indication of the excitation properties [31] . e energy levels of three polymers are indicated in Figure 2 , and contour plot surfaces of HOMO and LUMO of them are inserted in Figure 2 . As shown, for PBDPP electron densities of HOMO are mainly located in the two thiophens of �rst monomer, the DPP and two thiophens of second monomer. As compared with HOMO, the LUMO of PBDPP also resides the right two thiophens and the DPP and two thiophens, and a few of electron density is in the backbone chain of �rst monomer. For PBTDPP, electron density of the HOMO mainly resides in the whole dimer and electron density of the LUMO in the �rst monomer. Upon photo-excitation, there is a decreasing trend of electron density in the second monomer, and an increasing trend of electron density occurs in the BT unit of �rst monomer. e introduction of BT not only induces the change of electron density distribution, but also destabilizes the energy of LUMO and stabilizes the energy of HOMO, so PBTDPP has a lower energy gap than PBDPP. Among the three molecules, PBBTDPP has narrowest energy gap about 0.89 eV closed to the experiment value of 0.65 eV [15] . In addition, from the electron density distribution, it found that electron density of HOMO distributes over the whole backbone, while electron density of LUMO is mainly located in the BBT unit of the �rst monomer. So the character of MOs for PBBTDPP displays an obvious electron moving from the second monomer to the BBT unit. Ionization potentials (IPs) and electron affinities (EAs) as the criterion of evaluating the injection ability of the hole and electron have been obtained by calculating adiabatic potential on the basis of neutral and charged optimization. For the three polymers, the value of ionization potentials for PBDPP, PBTDPP, and PBBTDPP is 5.259, 5.214, and 5.032 eV, respectively, that is, it decreases in this order PBBTDPP < PBTDPP < PBDPP; this means that for PBBTDPP with the lowest IP the hole injection is more easily than the others. Comparing the electron affinities of PBDPP, PBTDPP, and PBBTDPP, one found that they have an increasing trend, that is, EA value is 2.023 (PBDPP), 2.367 (PBTDPP), and 3.103 eV (PBBTDPP), respectively; so for the PBBTDPP the electron injection from the cathode to the electron transporting layer is more easily than the others.
Absorption Spectra and Charge Transfer
Process. Simulated absorption spectra of PBDPP, PBTDPP, and PBBTDPP are shown in Figure 3 , and transition energies and the oscillator strengths are listed in Table 2 . It is clearly seen from Figures 3(a) and 3(b) that the absorption peaks of PBDPP and PBTDPP are mainly on the range of visible and ultraviolet light, and the absorption peak is red shied ∼60 nm when the B is replaced by BT. By comparing Figures 3(a) and 3(c) , one can see that shape of absorption spectra of PBBTDPP does not change, but the lowest strong absorption peak takes place further signi�cantly red-shied to the infrared region (to ∼ 1084 nm). For the three polymers, the strongest absorption all corresponding to the S 1 excited state that is composed of electron transition HOMO → LUMO (H → L). As shown in Table 2 , for PBDPP the second absorption peak is at 375.63 nm, which is close to the second absorption peak of PBTDPP; but for PBBTDPP, the second absorption peak make red-shied to be 522.83 nm.
In order to understand the nature of absorption spectra, we study the change of charge density during excitation for the calculated ten excited states, and photoinduced intramolecular charge transfer in PBDPP, PBTDPP, and PBBTDPP on electronic transitions can be seen from Figure  4 . For the S 1 of PBDPP, electron and hole mainly in turn cover the two thiophens and the DPP and two thiophens of second monomer, and hence this state is characterized as → * electron transition. Simultaneously, we further checked the other states (see supporting material available online at http://dx.doi.org/10.1155/2013/890215). For the states (S 2 , S 3 , and S 4 ) electron and hole are in turn distributed in the one monomer or the two monomers with the character of → * electron transition. While for S 5 -S 10 states closed to the different excitation energies, they have different charge transfer characters. For example, for S 6 state electron move to DPP units and hole in the thiophens and benzenes, so in this state DPP serves as electron acceptor; for the S 7 -S 9 states, DPP serves as electron donor owing to the more electron moving from it to the adjacent thiophens and benzenes. It is worth noting that for the S 10 state, it is an obvious intramolecular charge transfer excited state, where electron moves from the DPP of right monomer to the DPP of le monomer, and DPP simultaneously serves as electron donor and acceptor during excitation. So it can be found that for PBDPP (containing neutral benzene (B)) the providing and accepting electronic rules of DPP have the characteristics of wavelength dependence.
For PBTDPP, charge different density (see Figure 4 ) shows that photo-induced red electron is transferred to the BT subunit (where BT serves as electron acceptor), so this state is an intramolecular charge transfer state (ICT). While for the second absorption peak (S 7 ), excitation takes place on the whole segments of PBTDPP. It is found in Figure 4 that red electron moves to two BT units and green hole in DPP units, so BT unit and DPP unit act as the electronic acceptor and donor group, respectively.
For the PBBTDPP, the S 1 state is an ICT state, where electron is transferred from DPP to BBT; therefore, for this strong absorption peak DPP serves as electronic donor and BBT as acceptor. Moreover, there are three excited states with closing oscillator strength, that is, S 5 state (564 nm, 0 4115), S 6 state (522.83 nm, 0 5742), and S 7 state (497 nm, 0 4517), but they have different charge transfer characters. As shown in Figure 4 , for S 5 state red electron moves to the BBT unit and neighboring thiophen units of le monomer, and green hole resides in the two DPP units We therefore studied in detail the charge transfer of three polymers and visualized the function of every unit in photoinduction. When comparing the ICT states of three polymers, it is found that for the different excited states corresponding to different excitations, DPP, of PBDPP, PBTDPP, and PBBTDPP exhibits different abilities of electronic donor and acceptor gain or loss. Along with the increasing strength of donor groups (from the neutral benzene (B) to the strongly accepting benzobisthiadiazole (BBT)), the rules of electronic donor or acceptor of DPP for three polymers have a change from the initial wavelength dependence to the �nal accepting groups dependence. Especially for PBBTDPP, DPP nearly acts as the donor segment providing electron and their spectral region cover from 420 nm to 1084 nm. e �uorescence energies of all oligomers were calculated on the basis of excited state optimization, as shown in Table  3 , and �uorescence lifetime was calculated with the Einstein transition probabilities [32] as follows:
Excited
where, , Flu , and stand for the velocity of light, �uores-cence energy, and oscillator strength, respectively. As shown in Table 3 , �uorescence peaks of PBDPP and PBTDPP are 660.93 nm and 724.45 nm. Compared with the two formers, �uorescence peaks of PBBTDPP make red-shied into the infrared region, and the oscillator strength of PBBTDPP is smaller than the others, which result in the longer radiative lifetime according to (2) . erefore, introduction of PBBT-DPP not only widens the absorption spectra range but also improves the efficiency of emission.
Conclusion
e stable ground structures of PBDPP, PBTDPP, and PBBT-DPP have been optimized with density functional theory, and the energy levels, the electron density distribution, ionization potentials, and electron affinities have also been estimated in current calculations. e results show that the degree of coplanarity is increased from PBDPP, PBTDPP to PBBTDPP; for PBBTDPP it has the lowest IP and highest EA values, indicating that the well electron and hole transporting abilities among three oligomers. e absorption spectra of PBDPP and PBTDPP are mainly on the range of visible and ultraviolet light, while absorption spectra of PBBTDPP along with the introduction of the BBT unit make red-shied to the infrared region. 3D charge difference density was used to analyze the calculated states, which indicated that the S 1 state of PBBTDPP is an intramolecular charge transfer state (ICT), and change of electron density has obvious difference with that of PBDPP and PBTDPP. For the calculated excited states of three polymers, DPP of PBDPP and PBTDPP takes the role of electron donor or acceptor, and the certain role has wavelength dependence; but for PBBTDPP with the BBT unit, the DPP takes the role of electronic donor for most excited states, and PBBTDPP does not display the dependence of excitation energy.
